Noisy channel effect on quantum correlations of two relativistic particles 
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We study the quantum correlation dynamics of two relativistic particles which is transmitted 
through one of the Pauli channels a x ,a y , and a z . We compare sudden death and robustness of 
entanglement and geometric discord and quantum discord of two relativistic particles under noisy 
Pauli channels, we find out geometric discord and quantum discord may be more robust than 
entanglement against decoherence. 
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INTRODUCTION 



In quantum information theory, quantifying of quan- 
tum correlation plays a important role. However, despite 
of researcher's attention that have more focused on en- 
tanglement, the measures of non-classical correlation in 
quantum information theory is not restricted on quantum 
entanglement. Recently, quantum discord is introduced 
as a quantum correlation that isn't vanished for mixed 
separable state, against quantum entanglement. Quan- 
tum discord define as difference of two natural quantum 
expansion of classical mutual information [7| . Because 
of hard work to obtain quantum discord and most work 
has been done on specific models such as x-state0-[l|, Da- 
kic, Vedral and Brukner 9]introduced another measure 
so-called geometric discord for a bipartite state. Next, 
Girolami and Adesso introduced function of geometric 
discord as an upper bound for quantum discord for two 
qubit states. Moreover, the quantifying of quantum cor- 
relations have been interested in some physical models 
and information processing such as relativity particles 
[l(|- [l9j]. These efforts offer new prospects for quantum 
information researchers. For example, they find out envi- 
ronments as sources of decoherence act on open quantum 
systems. Therefore the study of quantum entanglement 
and specially quantum discord as a universal quantum 
resource has more and more importance. Based on it, 
researchers have investigated different quantum noises 
such as Pauli channels effects on quantum correlations of 
quantum states such as Greenber-Horne-Zeilinger (GHZ) 
state and Werner state, etc [13, HI]- I n order to provide 
a precise definition we can say quantum channels are 
completely positive and trace preserving maps between 
spaces of operators [23J . The investigation of this case in- 
clude Markovian and non-Markovian channels depend on 
the interaction of environment and system. On one hand 
Markovian channels describes memoryless environment 
that is obtained by solving a master equation for the re- 
duced density matrix with Lindblad structure. On the 



other hand environment has memory in non-Markovian 
channels therefore the master equations for this case is 
complicated integro-differential and rarely exactly solv- 
able 0411 ■ 

In this paper we compare the quantum entanglement 
with geometric discord and quantum discord dynamics of 
two relativistic particles under Pauli noisy channels . We 
find out that under Pauli channels a x , a v , a z quantum en- 
tanglement and geometric discord and quantum discord 
tend to death asymptotically related on the velocity of 
observer. This behavior occur with more gradient for the 
lower speed observers in < 8 < ? and in ^ < 9 < ir 
these are vice versa. The quantum entanglement sudden 
death(ESD) occur a x , a z and we survey the time of ESD 
for them. 

This paper is organized as follows: In Sec. 2, we review 
some of basic definitions to introduction to concurrence 
as a measure of entanglement and geometric discord and 
quantum discord . In Sec. 3 we discuss the compu- 
tation of entanglement (by using the concurrence) and 
quantum discord two maximally spin entangled states, 
respectively. In Sec. 4, we investigate how two relativis- 
tic particles as initial state evolute under noisy channels. 
In Sec. 5 , 6, 7 we investigate noisy channel effect on en- 
tanglement and geometric discord and quantum discord 
of two relativistic particles state. Conclusion are then 
presented in Sec. 6. 



II. BASIC DEFINITION 

A. Concurrence 

In this subsection, we present the concurrence which 
is a good measure of entanglement for two qubit subsys- 
tems. The spin-flipped state for two qubits is 



P = (<Jy ® 0-y)p'{o-y ® <Jy) 



(1) 



Note that the complex conjugate is taken in the com- 
putational basis 1 00) , |01), |10), |11). The concurrence is 
defined as follows 
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C = max 0, (xi - Xi ~ X3 ~ Xi) 



(2) 
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where the Xi are the square roots of the eigenvalues of 
the matrix R = pp [29|, • 



B. Geometric Discord 



III. TWO RELATIVISTIC PARTICLES 

Let us consider a maximally spin- entangled state for 
two s = 1/2 fermions or two photons A and B . Consider 
two particles are far apart 



Geometric discord is identified as the closest distance 
between an arbitrary state and a classical-quantum state 
(zero discord) 0, El]. Therefore, the density matrix in 
terms of Bloch states are expanded as follows: 



3 
i = l 



3 

»>j=i 



(3) 

where Xi and yi are the three-dimensional Bloch vectors 
of subsystems and Uj is the elements of correlation matrix 
T. Therefore we can obtain geometric discord as: 



1 



DG(p) = -(Wtf 



\ni-k) 



(4) 



where k being the largest eigenvalue of matrix ]j ij T 
T T T and ||.||| is the norm of Hilbcrt-Schmidt. 



C. Quantum Discord 

Quantum discord is defined in terms of difference be- 
tween two expressions for mutual information that are 
same in classical form but arc difference in quantum form. 
These two classical expressions are: 

I{A,B) = H{A) + H{B)-H{A,B), (5) 

J(A,B) = H{A)-H{A\B). (6) 

Where H(.) is Shannon entropy. We can see these two 
classical equation in above are equivalent. In quantum 
case, we are used an quantum entropy are so called Von 
Neumann entropy S(p) . Therefore we can define two 
expressions for quantum mutual information: 



I( P ) = S(p A ) + S(p B )~S(p), 
J A (p) = S(p B )-S(p B \p A ) 



(7) 
(8) 



Despite of classical case, two equations in above are in- 
equivalent. The difference between the two expressions 
I(p) — Ja(p) defines the basis-dependent quantum dis- 
cord which is asymmetrical in the sense that -Da(p) can 
differ from Db(p) Classical correlation is defined as: 

CC(p)= max J {n A } (p). (9) 

Where maximum is over the set of all possible projective 
measurements on to the eigen basis [28|]. According to 
Refs. [H, 0, , we can define quantum discord as: 



D A = I(p) - max^ 



= S(pa) - S(p) 



mini 



{itf}S{PB\{Trf} 



(10) 



Itfp ) != ^(^(Pa)^(p&) ~ ^l(Pa)i> h t (Pb)), (11) 

where p a , pt, are the corresponding momentum vectors 
of particles A, B and <p\{p) , f\.{p) are spins of its par- 
ticles which are in direction of z-axis. We choose equal 
interaction angles for the two particles, a° = a h p . , as a 
natural simplification. Based on computation in Ref. (27| , 
we obtain the density matrix for this x-state as 



p(0) = 



fv 




\v 







1 1 









_ 1 

2 

2 -V 





v\ 






(12) 



where 9 = {a\ — a-i), and rj = j sin 0. It is easy to ob- 
tain the concurrence and geometric discord and quantum 
discord of this system as follow: 

c = 2(iei-M), 



ZX?=-(l-4 ?7 ) 2 , 



D 



8(£ln 8^ + ryln 877) 
n7l6 



(13) 



respectively, where £ = |(3 + cos 29). 

Dependence of all of these three measures of quantum 
correlation are sketched in Figs. [T]-[3J According to these 
figures we can find out geometric discord and quantum 
discord of this case depend on angles of between mo- 
mentum and spin of each particles as well as quantum 
entanglement. We can see in these figures that quantum 
entanglement and geometric discord and quantum dis- 
cord in interval < 9 < J are decreased by increase 9 
and for interval -| < 9 < ir are vice versa. 



IV. TIME EVOLUTION OF TWO 
RELATIVISTIC PARTICLE STATE 
TRANSMITTED THROUGH NOISY CHANNEL 

For open systems that are coupled to their environ- 
ment, decoherence occurs. For this purpose, researchers 
has investigated a lot of noise models such as Pauli chan- 
nels, in recent decades. In this Section, we shall give a 
survey of the various types of channels which can be ef- 
fected on the quantum dynamics of open system as an 
initially entangled state p(0) for two relativistic particles 



3 



that was supposed to be transmitted through these chan- 
nels for the time t, respectively and it's time evolution 
p(t) will obtain as a solution of a master equation: 



Y,llk(2L kP Ll-{L{L k ,p}). 



(14) 



In this equation Lk = 1 ® &k describes the decoherence 
of first qubit under a k and j k is the coupling constant 
and this master equation should be solved at t > (20j . 
In this paper we assume H s = and one of particles is 
subject to the local noises|2l]. 



V. TIME EVOLUTION OF QUANTUM 
ENTANGLEMENT OF TWO RELATIVISTIC 
PARTICLES STATE TRANSMITTED UNDER 
PAULI CHANNELS 

A. Pauli channel a x 

If one of two relativistic particles with initial state as 
Eq. ([T2"T) is subject to a local bit-flip noise, the time evo- 
lution is obtain by the solution of the master equation 
Eq.(fl"4f with Lindblad operator Lk = 1 ® a x . So af- 
ter transmission of two relativistic particles through the 
Pauli channel a x the density matrix is given as follows: 

/ 1 - A 1 + Mi - 

1 [ 1 + A 1 - mi - 4£ 

Px ~ 4 1 - Ml - 4£ 1 + A 

V 1 + mi - 4£ 1 - A 

where p x is the density matrix after transmission through 
Pauli channel a x and p\ = exp(— and Ai = Mi(l — 
Arj). We consider concurrence as a measure of quantum 
entanglement in this section. Therefore, for this case 
concurrence is given as: 



C = Max 



0,i[Mi + Ai+4(8£ 2 -3£ + l) 



(16) 



evolution is obtain by the solution of the master equa- 
tion Eq. (fT4"|) with Lindblad operator Lk = 1 <E> cr y . So af- 
ter transmission of two relativistic particles through the 
Pauli channel a y the density matrix is given as follows: 



Py 



/1-A 2 



V1-A2 



1 - A 2 

1 + A 2 -(I + A2) 

-(1-A 2 ) I-A2 

1 - A 2 



(18) 



where p y is the density matrix after transmission through 
Pauli channel a y and pi = exp(— 27 2 i) and A 2 = pi(\ — 
Arj). So, for this case we can obtain concurrence as: 



C=i(|A 2 + l|-|A 2 -l|) 



(19) 



As we see in Figs. [5] under the Pauli channel a y the 
gradient reduction of concurrence for the observer in the 
interval < 9 < ? is more for lower speed observers. It 
means that in this interval system tend to ESD for lower 
speed observers more sudden. On the other hand, in the 
interval ^ < 9 < tt the concurrence gradient reduction 
is more for higher speed observers. In the other words if 
the observer tend faster to ESD occur for him faster in 
this interval. 



4£ 



As we see in Figs. 0] crossing the Pauli channel a x con- 
currence for the observer in the interval < 9 < ^ is 
decreased by increase of velocity of observer. It means 
that in this interval ESD is happened for higher speed 
observers more sudden. On the other hand, in the inter- 
val ^ < 9 < 7r concurrence is increased by increase of 
velocity of observer. In the other words in this interval 
the concurrence reduction with observer speed is slower. 
It means that ESD occur for lower speed observers faster. 
We can obtain the ESD time for this case as: 



C. Pauli channel <r z 

If one of two relativistic particles with initial state as 
Eq. (fT2")) is subject to a local dephasing noisy channel, the 
time evolution is obtain by the solution of the master 
equation Eq. (fT4|) with Lindblad operator L k = l®a z . So 
after transmission of two relativistic particles through the 
Pauli channel u z the density matrix is given as follows: 



(20) 



where p z is the density matrix after transmission through 
dephasing channel and M3 = exp(— 273 i) and A3 = P3(l — 
477). According to density matrix in above concurrence 
could be obtain as: 



( 11 








»7M3 







-£M3 








-£M3 







V W3 








V 



C = Max [0,2(|m 3 £|-J7)] 



(21) 



tESD — — ln(i —) 
7i V V 



B. Pauli channel a v 



(17) 



According to FigJS] we can find out in the interval < 
9 < % the concurrence leads to ESD faster by increase 
speed of observer but for the observers in the interval 
■| < 9 < 7r ESD is happen later for high speed observer. 
The time of ESD could be obtain as: 



If one of two relativistic particles with initial state as 
Eq. (IT2l is subject to a local Pauli channel a y , the time 



t ESD = — — In (l 2 esc 2 I 
4 73 



(22) 
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VI. TIME EVOLUTION OF GEOMETRIC 
DISCORD OF TWO RELATIVISTIC PARTICLE 
STATE TRANSMITTED UNDER PAULI 
CHANNELS 



Eg. (115)) . Eq.(l20l). respectively. There are x-states. We 
choose the algorithm of Ref. |6| to compute the quantum 
discord. Therefore the eigenvalues of Eq.([T5|). Eq. ()2T))) 



are: 



Pauli channel a x 



ei = £(1 - Mi(3)) 



If the time evolution of density matrix when one of two 
relativistic particles is subject to a local bit-flip noise and 
dephasing channel are in the form of 115 ) )20 ) respectively 
then the geometric discord is obtained as: 



1 



-Max 



(l- 477) 2 + M 2 (3) (i + (i_477) 2 ) 



^ ( 3 ) ,(l-47 7 ) 2 ,^ (3) (l-4r,) i 



(23) 



£2 = f(l+Ml(3)) 



^3 = - Ml(3)) 



£4 = 7?(l + /il(3))- 



(25) 



We can obtain the optimal conditional Von Neumann 
entropy as: 



where A*i(3) is related on when Pauli channels cr x ( z ) act on 
system. According to Fig El we could see in the interval 
< 9 < ? geometric discord for the observers with a 
lower rate is more. So geometric discord death in this 
interval occur more sudden for the lower speed observers 
but in the interval ? < 6 < ir geometric discord death 
occur more sudden for higher speed observers. 



SC = - 



1 



log 2 



1 



1 - 



■log 2 



1 - 



(26) 



where <f> = max [l — 4?/, /ii(3), ^1(3) (1 — 4?y)] . Since the 
the Von Neumann entropy for the two subsystems of this 
state are as: S{p x ) = S(p x ) = 1 . Therefore the quan- 
tum mutual information as a measure of total correlation 



B. Pauli channel a v 



If the time evolution of density matrix when one of two 
relativistic particles is subject to a Pauli channel a y , is 
in the form of EHl then the geometric discord is obtained 
as: 



(24) 



I(p x ) = 2 + ^£il0g 2 



(27) 



where Ej's are the eigenvalues in Eq. (|25p . So the quantum 
discord of two relativistic particles after transmit trough 
Pauli channels cr x , <r z is given as: 



D( Px ) = -1 + ^ (in [(8^) 4 e\] + (8£ - 3) In | 



As we seen in Fig. 8 in < 9 < ^ by increase of speed 
of observer geometric discord death is happen slower. In 
the other words geometric discord for slower observers is 
more faster. On the other hand in ^ < 6 < n by in- 
crease of speed of observers geometric discord leads to 
death by more gradient. It means that geometric dis- 
cord death in this interval is occur later for higher speed 
observers. According to this figure for every velocity of 
observers unless 6 — || geometric discord tend to death 
asymptotically. 



In 16 



In [(8i?) 4 £ 3 7y] + (8£ - 



3) In 1 
V 



+ SC (28) 



where v = x/Mi(3) cosrl (7i(3)*) ancl $ = 
./Mi(3) sinh(7i(3)t). As we see in Fig. 9 quantum 
discord is invariant for different velocity of observers 
at first then it is decreased until it tend to DSD. It is 
interesting that this reduction is more in < 9 < ^ for 
lower speed observers but in ^ < 9 < n the quantum 
discord reduction is more for higher speed observers. 



VII. TIME EVOLUTION OF QUANTUM 
DISCORD OF TWO RELATIVISTIC PARTICLE 
STATE TRANSMITTED UNDER PAULI 
CHANNELS 

A. Pauli channel a x ,a z 

If two relativistic particles transmitted through Pauli 
channel u x and o z then the time evolution of it is as 



B. Pauli channel a v 



If two relativistic particles transmitted through Pauli 



channel a y then the time evolution of it is as Eq. (|18)) 
which is a x-state. As in the previous section we can 
obtain the eigenvalues for Eq. flTB)) as: 



ei 



e 2 =0 



5 



e 3 = 2<-M2 (4^ - 1) + 1) 



^4 = - (M2 (4£ - 1) + 1) 



(29) 



On one hand the Von Neumann entropy for marginal 
subsystems are given as: 

S(pf) = S(pZ) = 1 

Therefore the quantum mutual information for this sys- 
tem is as: 



Iy In 16 



Ajln ( ) - li'4(] + A,) (I - A_>) 



(30) 

On the other hand the classical correlation is 1. Therefore 
we can obtain the quantum discord as: 



QD(Py) 



In 16 



A, In ( 1^ ) i-lnCI -! A_> ) ( 1 - A_> ! 



(31) 

As e seen in Fig. 10 in the interval < 8 < ^ the quan- 
tum discord gradient reduction is more for lower speed 
observers. In the other words lower speed observers tend 



to quantum discord death with more gradient. On the 
other hand in the interval ^ < 8 < n by increase of speed 
of observer the quantum discord gradient reduction be- 
come more and more. In the other words the higher speed 
observers tend to quantum discord death with more gra- 
dient in this interval. 



VIII. CONCLUSIONS 

In this paper we have investigated the evolutions of 
quantum entanglement and geometric discord and quan- 
tum discord dynamics of two relativistic particles under 
noisy Pauli channels, we have found out these quantum 
correlations dependence on speed of observer in Pauli 
channels. We have shown that under each of Pauli chan- 
nels <j x ,<j y , <r z quantum entanglement and geometric dis- 
cord and quantum discord tend to death. This behavior 
occur for the lower speed observers in < 8 < ^ and 
in -| < 8 < 7r these are vice versa. The quantum entan- 
glement sudden death(ESD) occur under Pauli channels 
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FIG. 1: Concurrence for < < ^ (left panel) and con- 
currence for -| < 9 < tt (right panel) measures versus 9 for 
different values of 9 before noise is sketched in this figure. As 
we seen by increase of 9 in < 9 < ^ concurrence is decreased 
but for -| < 9 < 7r is vice versa. 



FIG. 2: Geometric discord (DG) for < 9 < § (left panel) 
and geometric discord for 5 < 9 < tt (right panel) measures 
versus 9 for different values of 9 before noise is sketched in this 
figure. As we seen by increase of 9 in < 9 < 5 geometric 
discord is decreased but for ~ < 9 < n is vice versa. 
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e4=0.5n 
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FIG. 3: Quantum discord(QD) for < 9 < § (left panel) and 
quantum discord for ~ < < 7T (right panel) measures versus 
# for different values of 9 before noise is sketched in this figure. 
As we seen by increase of 9 in < 6 < ^ quantum discord is 
decreased but for ^ < 9 < n is vice versa. 



a 

© 



ei=7r/i5 

02=;r/6 
- 03=;r/3 
04=O.5jt 



1.5 
1.0 

0.5 
0.0 



a 
o 

u 



fll=!l/15 

82=^/6 
fl3=7r/3 
04=^/2 



0.0 0.2 0.4 0.6 0.8 1.0 



7it 




7it 



FIG. 4: Concurrence for < 9 < -| (left panel) and concur- 
rence for ^ < 9 < tv (right panel) measures versus fit for 
different values of 9 under Pauli noisy channel a x is sketched 
in this figure. As we seen in < 9 < ^ ESD is more sudden 
for the lower speed observer but for -| < 9 < -k is vice versa. 
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FIG. 5: Concurrence for < 9 < J (left panel) and concur- 
rence for ^ < 9 < tv (right panel) measures versus 72* for 
different values of 9 under Pauli noisy channel a y is sketched 
in this figure. As we seen ESD don't occur but all of them 
tend to quantum entanglement death asymptotically for lower 
speed observers more sudden in < 9 < ^ but for J < < 7r 
is vice versa. 
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FIG. 6: Concurrence for < 9 < -| (left panel) and concur- 
rence for ^ < 9 < tv (right panel) measures versus 73i for 
different values of 9 under Pauli noisy channel a z is sketched 
in this figure. As we seen ESD in < 9 < ^ is happen for 
lower speed observers more sudden but for -| < 9 < it is vice 
versa. 
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FIG. 7: Geometric discord(DG) for < 9 < § (left panel) 
and geometric discord for ~ < 9 < it (right panel) measures 
versus 71(3) t for different values of 9 under Pauli noisy channel 
°"a;(z) is sketched in this figure. As we seen geometric discord 
sudden death don't occur but geometric discord tend to death 
in for lower speed observers more sudden < 9 < -| but for 
~ < 9 < -K is vice versa. 




FIG. 8: Geometric discord(DG) for < 9 < f (left panel) 
and geometric discord for -| < 9 < it (right panel) measures 
versus for different values of 9 under Pauli noisy channel 
a y is sketched in this figure. As we seen geometric discord 
tend to death for lower speed observers asymptotically more 
sudden in < 9 < -| but for ^ < 9 < it is vice versa. 
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FIG. 9: Quantum discord(QD) for < 9 < | (left panel) and 
quantum discord for ~ < < n (right panel) measures versus 
7it for different values of 9 under Pauli noisy channel <j x and 
a z which is same is sketched in this figure. As we seen at first 
quantum discord is invariant then quantum discord tend to 
death accordance together for all observers . This reduction 
of quantum discord is more for lower speed observers in < 
9 < ^ but for ^ < 9 < n is vice versa. 
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FIG. 10: Quantum discord(QD) for < 9 < f (left panel) 
and quantum discord for ^ < 9 < n (right panel) measures 
versus 72i for different values of 9 under Pauli noisy channel 
tjy is sketched in this figure. As we seen in the interval < 
9 < ^ quantum discord tend to death asymptotically with 
more gradient for lower speed observers but in the interval 
■| < 9 < 7v is vice versa . 



